Three cytoplasmic loops in the G-protein coupled receptor rhodopsin, C2, C3, and C4, have been implicated as key sites for binding and activation of the visual G protein, transducin. Nonhelical portions of the C2-and C3-loops, and the cytoplasmic helix-8 from the C4 loop were targeted for a "gain-of-function" mutagenesis to identify rhodopsin residues critical for transducin activation. Mutant opsins with residues 140-148 (C2-loop), 229-244 (C3-loop), or 310-320 (C4-loop) substituted by poly-Ala sequences of equivalent lengths served as templates for mutagenesis. The template mutants with poly-Ala substitutions in the C2 and C3 loops formed the 500 nm absorbing pigments, but failed to activate transducin. Reverse substitutions of the Ala residues by rhodopsin residues have been generated in each of the templates. Significant 
the Ala residues by rhodopsin residues have been generated in each of the templates. Significant 
Introduction.
The visual receptor, rhodopsin, is a prototypical G protein-coupled receptor (GPCR). It belongs to the class A GPCRs, the largest and the most studied within the GPCR superfamily (1) (2) (3) . Rhodopsin is also the first and currently the only GPCR with a known crystal structure (4) (5) (6) .
With a characteristic seven transmembrane segment topography (helices H1-H7), a rhodopsin molecule forms three intradiscal (extracellular) (E1-E3) and three cytoplasmic loops (C1-C3). A forth cytoplasmic loop (C4) results from the insertion of the palmitoyl groups attached to two cysteine residues within the C-terminal tail of rhodopsin, Cys state (R*). In the Meta II conformation, the receptor cytoplasmic surface exposes sites for the interaction and activation of visual G protein, transducin (Gt) (2, 3) . The light-induced rearrangements in rhodopsin have been extensively studied and include rigid body movements of at least H3, H6 and H7, which relay the conformational change to the cytoplasmic loops C2, C3, and C4 (7) (8) (9) (10) (11) . These loops are thought to be the key Gt interactions sites (12) (13) (14) (15) (16) , although the role of C4 has been disputed (17, 18) . Despite a large body of evidence for the involvement of C2, C3, and C4 in the activation of Gt, specific residues making direct contacts with tranducin have not been fully identified. The most complete analysis of the role of individual R* residues 4 in Gt activation resulted from using mutants with single cysteine substitutions over the entire cytoplasmic surface of R (19) (20) (21) (22) . Cys-substitutions affecting transducin activation have been found in all cytoplasmic loops of R (19) (20) (21) (22) . While yielding a wealth of conformational information on R and R* using techniques based on cysteine reactivity such as fluorescence/spin labeling and cross-linking, the cysteine scanning mutagenesis might not have been an optimal approach for identification of the R*-Gt contact residues. Ala-scanning mutagenesis is a widely adopted methodology to study protein-protein interaction sites. However, Ala-scanning mutagenesis of the R loops C1-C4 revealed only few mutants within the C3-loop that were defective in Gt activation (23) .
In this study, we have adopted a "gain-of-function" mutational approach to identify rhodopsin residues critical for Gt activation. Rhodopsin regions targeted for mutagenesis included loop C4 and non-helical portions of C2 and C3. Three mutant opsins with residues 140-148 (C2), 229-244 (C3), or 310-320 (C4) substituted by poly-Ala sequences of equivalent lengths served as templates for mutagenesis. Reverse substitutions of the Ala residues by rhodopsin residues have been generated in each of the templates. This approach was based on the assumption that relatively large poly-Ala cassettes replacing flexible cytoplasmic regions of C2 and C3 outside the helical bundle of R would not interfere with the protein folding, 11-cis-retinal binding, and the ability to undergo light-induced conformational change. Furthermore, mutations of the template constructs causing a gain in activation of Gt are likely to indicate direct contact residues. The same approach was extended to the C4 region to address discrepancies with respect to its role in Gt activation.
Experimental procedures.

Materials.
[ 35 S]GTPγS (1033 Ci/mmol) and CNBr-activated Sepharose 4B were from Amersham Pharmacia Biotech. Restriction enzymes were from New England Biolabs, Inc. Cloned Pfu DNA polymerase was from Stratagene. T4 DNA ligase was from Roche. DH5α bacterial strain was from Life Technologies, Inc. Primers for PCR were synthesized by IDT, Inc. n-Dodecyl-β-Dmaltoside was from Calbiochem. Bovine retinas were purchased from Lawson Co (Lincoln, Nebraska). Transducin was purified from dark-adapted retinas as described (24) . 11-cis-retinal was kindly provided by Dr. R. Crouch (Medical University of South Carolina). The C-terminal bovine opsin 11-mer peptide was custom-made by Sigma-Genosys. The synthetic opsin cDNA in the pMT4 vector and the pGAD10 bovine retinal cDNA library were kindly provided by Drs. D.
Oprian (Brandeis University) and W. Baehr (University of Utah), respectively. Monoclonal 1D4 antibodies specific to the rhodopsin C-terminus were obtained from National Cell Culture Center (Minneapolis, MN).
Mutagenesis.
All opsin mutants were constructed using standard PCR techniques. To generate mutations in the C-2 loop, PCR reactions were carried out on the pMT4-opsin template with a phosphorylated forward primer encoding the mutation and a reverse primer containing a NotI site, and a forward primer containing an EcoRI site and a phosphorylated reverse primer encoding the mutation. 
Miscellaneous Procedures. Protein concentrations were measured by the Bradford assay using
IgG as a standard (27). GTPγS-biding data were fit using linear regression. The GraphPad Prizm (v.2) software was used to plot graphs and absorption spectra.
Results.
Rhodopsin mutants with poly-Ala substitutions of the C2-C4 loops.
Exposed nonhelical regions of C2 (aa 140-148) and C3 (aa 229-244) were selected for poly-Ala replacements on the basis of the crystal structures of R (4-6). The C-4 region (aa 310-320) was replaced by a poly-Ala sequence as it contains residues implicated earlier in transducin activation (15, 16) . The three template R mutants, C2A, C3A, and C4A, were transiently expressed in COS-7 cells (table 1 and Fig. 1 ). The mutants were expressed at levels comparable to the wild-type R as determined by Western blot analysis of the COS-7 cell plasma membrane preparations ( Fig. 2A) . The preparations of C2A and C4A reveal the presence of an additional immunoreactive band of ~33 kDa that apparently corresponds to nonglycosylated opsin mutants (28) .
For functional tests, the mutant pigments were purified by immunoaffinity chromatography on 1D4-sepharose (25) . A low pH and ionic strength buffer was used to achieve selective elution of the correctly folded retinal-bound pigments from 1D4-sepharose (29) . Consistent with misfolding of a fraction of the C2A protein, the yield of the retinal-bound immunopurified pigment was significantly lower than those for the wild-type R and C3A (Fig. 2B) . In contrast, the C4A mutant did not form the 500-nm absorbing pigment (Fig. 2B) , suggesting that the C4-loop contains residues that are essential for proper folding of R. The photobleached wild-type R effectively activated transducin in the GTPγS-binding assay, whereas C2A and C3A had no effect (Fig. 2C) . Thus, these two mutant constructs represented suitable templates for a "gain-offunction" mutagenesis. Reflecting the lack of a correctly folded pigment, C4A also failed to activate Gt (Fig. 2C) . Similar results were obtained using COS-7 cell plasma membrane preparations of R and the template mutants in the GTPγS-binding assay (not shown).
In order to determine whether the template mutants C2A and C3A do not activate transducin because they do not bind Gt or because they cannot induce nucleotide exchange on the bound Gt, we carried out in vitro translation of Gtα in the presence of [ ]-Gtα reconstituted with purified Gtβγ to the wild-type R and its mutants was assessed using the plasma membrane preparations of appropriately transfected COS7 cells. However, the background binding of Gt to mock-transfected COS cell membranes was quite high, precluding reliable determination of the specifically bound Gt. This nonspecific binding was not reversed by GTPγS (not shown).
Mutagenesis of the C2 loop.
The first C2-loop mutant, C2-1, was made by incorporation of rhodopsin residues C 140 K 141 into the C2A construct (table 1) . Relative to C2A, C2-1 yielded higher amounts of the immunopurified 500-nm absorbing pigment (not shown). Unlike C2A, C2-1 was capable of activating transducin with a rate of 12% of that for the wild-type R*, indicating a moderate role for these residues in the R*/Gt coupling (Fig. 3) . Since C2-1 had improved expression yield, subsequent mutants, C2-2, C2-3, and C2-4, were generated by the addition of R residues to the C2-1 template (table 1) (table 1) . Even though these residues did not impart a gain of Gt activation onto C2-3, C2-5 was a less efficient catalyst of the GTPγS binding to Gt than the wild-type R* (Fig. 3) .
Mutagenesis of the C3 loop.
The choice for the initial mutations in the C-3 loop, C3-1 and C3-2 (table 1) (not shown). Nonetheless, the mutants have not regained any significant ability to activate Gt (Fig. 4) . Interestingly, the C3-3 mutant combining the five residues was capable of stimulating GTPγS binding to Gtα with a rate of 75% of that for R*. Previous studies have yielded inconsistent data on the role of S 240 in the R*/Gt coupling (14, 20, 23) . S 240 was next introduced into the C3-3 mutant background. The resulting C3-4 mutant was indistinguishable from the wild-type R* with respect to its ability to activate Gt, supporting contribution of this residue to the R*/Gt interface (Fig. 4) .
Mutagenesis of the C4 loop.
The immunopurified C4A mutant did not bind 11-cis-retinal and appeared on SDS-gel as three bands corresponding to ~40, 37, and 33 kDa. The faster migrating bands most likely represent mono-and nonglycosylated opsins (28) . We first attempted to identify the C4-loop in the R*/Gt coupling (22) . These residues were incorporated into the C4A template to produce the C4-1 mutant (table 1) . Unlike C4A and similar to the wild-type R, C4-1 migrated on a gel as a single fully glycosylated 40 kDa band (Fig. 5A) . It also bound 11-cis-retinal (Fig. 5B) and activated Gt analogously to the wild-type R (Fig. 5C) have been generated to narrow down the folding determinants. Western blot analysis revealed that immunopurified C4-3, similarly to C4A, contains additional faster migrating bands (Fig.   5A ). Furthermore, C4-3 failed to form 11-cis-retinal-bound pigment and activate Gt (Fig. 5B, C) .
On the other hand, expression of C4-2 produced the 500-nm absorbing pigment, capable of partial activation of Gt (Fig. 5B,C) . However, the yield of immunopurified C4-2 was lower than that of C4-1 (Fig. 5A,B) . The highly conserved F (Fig. 5A ), failed to bind 11-cisretinal and activate Gt (Fig. 5C ).
Two mutants, C3-4 and C4-1, stimulated Gt comparably to the wild-type receptor. The C3 and C4 residues essential for Gt activation were combined in mutant C3-4/C4-1 using a template with poly-Ala cassettes in the C-3 and C-4 loops. Although the yield of immunopurified 11-cis retinal-bound C3-4/C4-1 was lower than that for the wild-type R, the pigment was fully capable of activating Gt (not shown).
Activation of Gt by red cone opsin and its C3 loop mutants.
Most of the residues identified by the gain-of-function approach as important for Gt activation are conserved between rhodopsin and cone opsins (30) Therefore, the plasma membrane preparations of red cone opsin and its mutants were characterized next. The Western blot analysis demonstrated similar expression levels of all three pigments that were 2-3 fold lower than that for the wild-type R (Fig. 6A) . A large proportion of the cone pigments migrated as higher molecular weight aggregates on an SDS-gel (Fig. 6A) . A propensity of red cone pigment for aggregation during SDS-PAGE has been described (31) . In contrast to the detergent-solubilized and immunopurified red pigment, the plasma membrane preparation of red cone opsin was capable of efficient activation of rod Gt using the GTPγS-binding assay (Fig. 6B) . Assuming correct folding of all red cone pigment in the plasma membrane preparations and equivalent recognition of the 1D4 epitopes in the recombinant cone and rod opsins in Western blots, the potency of red cone opsin in activating Gt was ~30% relative to R*. Substitution of R-specific residues TV for A 245 I 246 moderately decreased the ability of red opsin to stumulate Gt (Fig. 6B ). Yet, a single substitution I
246
→A dramatically impaired the activity of the red cone pigment (Fig. 6B) in the red cone opsin is conservative, and the two residues most likely play equivalent roles in the Gt activation.
Discussion.
The interaction between photoexcited rhodopsin and transducin leading to activation of Gt and the triggering of the visual cascade has been extensively investigated (2, 3, 32) . Various R mutants defective in Gt activation combined with peptide and cross-linking studies implicate the cytoplasmic loops C2, C3, and C4 as critical for the R*/Gt coupling (12-23, 33, 34) . The Cysscanning and Ala-scanning mutational analyses both have been applied to identify R residues involved in the interface with Gt (17) (18) (19) (20) (21) (22) (23) . Still, significant discrepancies exist between the results reported with the use of the two mutational approaches. Whereas a number of Cys-substitutions in the C2, C3, and C4 loops have been found to impair the activation of Gt (19) (20) (21) (22) , Ala-scanning mutagenesis indicated that the C2 and C4 loops are not required for the interaction (18, 23) . In this study, we applied a "gain-of-function" approach to identify and/or verify Gt contact residues using poly-Ala-substituted rhodopsin templates lacking the ability to stimulate G protein. (20), which is also supported by cross-linking studies (33, 34) . Our data are also consistent with the notion that the loop regions proximal to the transmembrane helices are more important for the R*/Gt coupling than regions in the loop centers (1) (Figs. 1 and 7) . The Nterminal region of the C2 loop, including the conserved ERY-motif, has been previously implicated in Gt activation (13, 35, 36) . The same C2-loop region in concert with the juxtamembrane C-terminal sequence of C3 are proposed to be involved in the recognition of the Gtα C-terminus, which is a key rhodopsin binding site of transducin (35) . Juxta-membrane regions of the second and third cytoplasmic loops have been found in several GPCRs to participate in receptor/G-protein coupling (1).
Application of the 'gain-of-function" approach to the C4 loop has revealed its limitations.
The C4 template mutant was unable to bind 11-cis-retinal, and the presence of two residues, N 310 and K
311
, was required for the correct pigment folding. These residues have been proposed to interact directly with Gt (15, 16) . While our data do not allow a conclusion on the contribution of are essential for the R*/Gt coupling. Among the H8 region residues, these four residues appear to be sufficient to evoke full stimulation of Gt (Fig. 5C ). (38) . Interestingly, these mutants had severe defects of G-protein activation (38) .
The visual transduction cascade in cone photoreceptor cells is mediated by cone specific opsins, transducin, and PDE6. The key cone proteins are homologous to their rod counterparts.
The degrees of homology between rhodopsin and cone opsins and between rod and cone transducins point to the analogous receptor/G-protein interfaces and mechanisms of activation.
Consistent with this notion, we demonstrated an efficient activation of rod Gt by red cone opsin.
Furthermore, molecular models of cone pigments (39) show no conformational differences between cone pigments and R within the Gt interaction sites identified in this study. Yet, some of the residues with a gain of Gt activation are not identical between R and cone pigments. Two 
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